An ab T-cell response depends on the recognition of antigen plus major histocompatibility complex (MHC) proteins 1 by its antigen receptor (TCR). The ability of peripheral ab T cells to recognize MHC is at least partly determined by MHC-dependent thymic selection, by which an immature T cell survives only if its TCR can recognize self MHC 2-7 . This process may allow MHC-reactive TCRs to be selected from a repertoire with completely random and unbiased specificities. However, analysis of thymocytes before positive selection indicated that TCR proteins might have a predetermined ability to bind MHC 8-11 . Here we show that specific germline-encoded amino acids in the TCR promote 'generic' MHC recognition and control thymic selection. In mice expressing single, rearranged TCR b-chains, individual mutation of amino acids in the complementarity-determining region (CDR) 2b to Ala reduced development of the entire TCR repertoire. Altogether, these results show that thymic selection is controlled by germline-encoded MHC contact points in the ab TCR and indicate that the diversity of the peripheral T-cell repertoire is enhanced by this 'built-in' specificity.
The bY46A, bY48A and bE54A mutations also reduced recognition of IA b -3K peptide and allo-MHC by two other cross-reactive TCRs (Fig. 1b, c and Supplementary Fig. 3a, b) . Thus, the near obligate requirement for bY46, bY48 and bE54 for MHC recognition by seven TCRs (Fig. 1 and refs [14] [15] [16] [17] [18] indicates that these amino acids might confer 'generic' MHC reactivity on TCRs.
To find out whether positive selection of a broad repertoire of TCRs depends on similar TCR-MHC interactions, we evaluated the effects of these mutations on thymic development in vivo. If these amino acids contribute to generic MHC recognition by TCRs, thymocytes expressing TCRs with Ala substitutions of these amino acids should be inefficiently positively selected, resulting in a reduction in the development of mature thymocytes and peripheral T cells. To test this, bone marrow stem cells isolated from Tcrb 2/2 Tcrd 2/2 mice were transduced with retroviruses encoding the wild-type, Y46A, Y48A or E54A DOb chains and transferred into recombination activating gene (RAG)-deficient mice (Fig. 2a ). These stem cells could generate thymocytes expressing only the wild-type or mutated DOb chains plus the entire repertoire of TCR a-chains. 1 Integrated Department of Immunology, National Jewish Health and University of Colorado Denver, Denver, Colorado 80206, USA. 2 Howard Hughes Medical Institute, 3 Department of Medicine, 4 Department of Pharmacology, 5 Program in Biomolecular Structure and 6 After reconstitution, chimaeras expressing wild-type and Alamutant DOb chains had similar total thymic cellularity ( Fig. 2b ) and had similar TCRb expression profiles ( Supplementary Fig. 4a ). For all chimaeras, the thymuses contained all CD4 2 CD8 2 (doublenegative) subsets ( Supplementary Fig. 4b ) and most thymocytes were immature, unselected CD4 1 CD8 1 (double-positive) cells ( Fig. 2c ). On recognition of MHC, double-positive cells are activated and express CD5 and CD69 before becoming mature thymocytes that are HSA (CD24) lo TCR hi and express either CD4 or CD8 (ref. 7) . Consistent with a reduced ability to bind MHC and induce positive selection, the frequency of CD4 single-positive cells was reduced in chimaeras expressing Y46A, Y48A and E54A DOb, whereas the frequency of CD8 single-positive cells was reduced in chimaeras expressing Y46A and Y48A DOb (Fig. 2c ). Likewise, we observed a substantial reduction in the frequency of activated CD5 1 CD69 1 cells and mature, HSA lo TCR hi , thymocytes ( Fig. 2d , e and Supplementary  Fig. 4c, d ) in chimaeras expressing the mutant DOb.
To estimate thymic output, we calculated the total number of mature thymocytes. The numbers of mature cells and mature CD4 single-positive cells were significantly reduced in chimaeras expressing any of the mutant DOb chains compared to wild-type controls (Fig. 2f ). The number of mature CD8 single-positive cells was reduced in chimaeras expressing bY46A and bY48A, but not in those expressing bE54A (Fig. 2f ). These results indicate that bY46, bY48 and bE54 are involved in MHC class II recognition. In previous mutational and crystallographic studies, bY46 and bY48 were implicated in interactions with MHC class I, whereas bE54 was not 17, 18 . Thus, bE54 may be primarily involved in TCR binding MHC class II, by means of a salt bridge with a conserved Lys at position 39 in the MHC class II a-chain 12,14-16 , which is absent in MHC class I proteins 12 .
The total cellularity of the peripheral lymphoid organs was comparable for all chimaeras, except for a ,2-3-fold reduction in the number of splenocytes in chimaeras expressing bY48A (Supplementary Fig. 5a, b) . Similarly, the frequency ( Supplementary  Fig. 5c , d) and total number ( Supplementary Fig. 5e , f) of peripheral T cells was slightly reduced in chimaeras expressing bY48A compared to those expressing wild type, bY46A and bE54A. Thus, the effects of the TCRb mutations on cell number were much less profound in the periphery than in the thymus. CD44 expression, a marker of activation or homeostatic expansion 19 , was increased among lymph node T cells expressing mutant TCR b-chains and the extent of activation was inversely correlated with the effect of the mutation on positive selection ( Supplementary Fig. 5g ). Together, these experiments indicate that, although the Vb mutations inhibited thymocyte selection, a corresponding influence on peripheral T-cell numbers was muted by homeostatic expansion of the few cells capable of maturing.
Y46, Y48 and E54 are present in many mammalian Vb segments and this conservation indicates that these amino acids may often contribute to TCR recognition of MHC 12, 20 . Among mouse Vb segments, Vb6 has a Tyr at position 46 of its CDR2 loop 12, 20 . The TEa TCR uses Vb6 and recognizes IA b plus a peptide from the MHC class II IE a-chain (Ea 52-68 ) 21 . We compared the ability of hybridomas expressing the wild-type TEa TCR a-chain, plus either wild-type or Y46A TEa TCR b-chains, to respond to IA b -Ea 52-68 . The bY46A mutation reduced the sensitivity to antigen 10-15-fold, but did not affect the response to anti-TCR stimulation (Fig. 3a) .
We assessed the role of Vb6 Y46 in thymic selection in experiments similar to those described for Vb8.2 using the TCR b-chain from a Vb6-expressing TCR, TCli, which is specific for IA b plus a peptide from the human invariant chain 22 . We generated bone marrow chimaeras using stem cells transduced with retroviruses expressing the wild-type or Y46A TCli TCR b-chain (TClib). This mutation did not affect TCR expression in hybridomas ( Supplementary Fig. 6a ). Likewise, in vivo, mice reconstituted with stem cells expressing wild-type or Y46A TClib had comparable numbers of thymocytes ( Fig. 3b ) and TCR expression profiles ( Supplementary Fig. 6b ). Consistent with impaired thymic selection, however, the frequencies of CD5 1 CD69 1 cells and HSA lo TCR hi cells and numbers of mature thymocytes and CD4 single-positive cells were reduced in mice expressing bY46A TClib compared to wild-type controls (Fig. 3c,  d) , whereas the maturation of CD8 single-positive cells was unaffected ( Fig. 3d ). Thymic selection was significantly reduced, but not completely absent, in chimaeras expressing the mutant TCR b-chains (Figs 2  and 3 ). This indicated that some thymocytes might have compensated for the reduced MHC reactivity of Ala-mutant TCR b-chains, perhaps by expressing a biased set of TCR a-chains. To test this, we analysed Va expression among peripheral T cells. In Vb8.2 chimaeras, the frequency of Va2-and Va8.3-expressing CD4 1 cells was reduced in cells expressing bY46A and bY48A versus cells expressing wild-type b-chains (Fig. 4a ). Among CD8 1 cells in Vb8.2 chimaeras, Va2 expression was similar between all groups, whereas expression of Va8.3 was markedly increased in bY46A and bY48A chimaeras compared to wild-type chimaeras (Fig. 4b) . In Vb6 chimaeras, we observed similar trends in Va expression, where Va8.3 expression was increased in CD8 1 cells in chimaeras expressing bY46 (Fig. 4a, b) .
The biased TCR a-chain repertoire among chimaeras expressing mutant TCR b-chains indicated that positive selection may have 'picked out' TCR a-chain sequences that compensate by having, themselves, a higher affinity for MHC. Sequence analysis of CDR3a regions from the Va8 repertoire among CD8 1 cells from mice expressing wild-type and Y48A DOb showed that the latter often expressed an aromatic amino acid in CDR3a six amino acids after the conserved Va Cys ( Supplementary Fig. 7) . Thus, the TCR b-chain mutations might have resulted in positive selection of an altered repertoire of TCR a-chains.
To compare the specificity of TCR a-chains from mice expressing mutant TCR b-chains, we generated an IA b -OVA 323-339 -specific T-cell hybridoma from chimaeras expressing Y48A DOb. Surprisingly, the hybridoma expressed a TCR a-chain that was identical to the DO-11.10 TCRa (DOa), except for an Ala-to-Ser substitution in CDR3 (aS93A). To compare the MHC reactivity of these TCR a-chains, we engineered hybridomas expressing wild-type or Y48A DOb, plus either wild-type DOa or aS93A. In hybridomas expressing Y48A DOb, the aS93A change improved responses to OVA 323-339 with IA b (Fig. 4c ) and IA d ( Supplementary Fig. 8 ) compared to wild-type DOa. When paired with wild-type DOb, aS93A slightly reduced responses to OVA 323-339 plus IA d ( Supplementary Fig. 8 ), but created a TCR that was now autoreactive to IA b , even in the absence of added antigen (Fig. 4c) . These results indicate that aS93A may improve MHC recognition compared to the original DOa. This CDR3a change allowed positive selection when paired with the Y48A DOb, but would probably cause negative selection if paired with the wild-type DOb because the resultant TCR binds MHC too well.
Altogether, these observations show that specific amino acids in the TCR Vb promote 'generic' recognition of MHC molecules, useful both in recognition of MHC plus self peptides during positive selection in the thymus and in recognition of MHC plus foreign peptides during specific immune responses. In the absence of these conserved Vb interactions, thymic development can select for TCRs with affinity for self-MHC, but the resulting TCRa repertoire is biased. These findings confirm the hypothesis that the TCR has a germline-encoded ability to recognize MHC 8 and provide an explanation for the high frequency of MHC-reactive TCRs in the preselected T-cell pool [9] [10] [11] .
METHODS SUMMARY
Mutant ab TCR constructs and retroviral infection. TCR expression constructs were cloned in murine stem cell virus (MSCV)-based retroviral plasmids and transfected into Phoenix cells to produce retrovirus-containing supernatants, as described previously 23 . TCRs were expressed by retroviral transduction in a TCRab-deficient hybridoma (5KC-73.8.20, referred to as 5KCa 2 b 2 ) 24 , and selected on the basis of retroviral reporter and TCRb expression, as described previously 23 . For all stimulations, 5 3 10 4 hybridoma cells were cultured for 18-20 h with the indicated stimuli, and IL-2 production was measured by enzymelinked immunosorbent assay (ELISA), as described previously 23 . Generation of retroviral bone marrow chimaeras. Bone marrow was collected from Tcrb 2/2 Tcrd 2/2 double-deficient or Tcrb 2/2 deficient mice five days after injection with 5-fluorouracil. Cells were cultured in vitro for four days in complete DMEM supplemented with 15% fetal calf serum, interleukin (IL)-3, IL-6 and stem cell factor (SCF), and spin-infected three times with retrovirus-containing supernatant. After transduction, ,5.0 3 10 5 GFP 1 bone marrow cells were transferred into sublethally irradiated (400 or 600 rad) Rag1 2/2 recipient mice.
Thymus, spleen and lymph node cell populations were analysed by flow cytometry from bone marrow chimaeras at 25-34 days post reconstitution. Mice that reconstituted poorly (those with less than 3.0 3 10 7 total thymocytes) were excluded from the analysis. In all experiments, the two thymic lobes from each mouse were analysed separately. Data for frequencies of cell populations are shown for each individual lobe. Data for absolute numbers of thymocytes are the sum of both lobes from individual mice. Statistical analysis. An unpaired two-tailed Student's t-test was applied using GraphPad software (Prism).
